ABSTRACT: An experimental approach was developed for imaging the nucleation and growth of individual oxide-supported nanoparticles and their subsequent in situ chemical and thermal treatments by scanning tunneling microscopy (STM). The potential of the method is demonstrated for Au nanoparticles supported on a reduced TiO 2 substrate where a cluster-by-cluster comparison is made of the morphological evolution and stability of nanoparticles during their nucleation and thermal annealing. Using this methodology the details of the nucleation and growth kinetics can be directly observed.
Introduction
Due to confinement effects, the fundamental characteristics of nanoparticles such as electronic and geometrical structure deviate remarkably from those found in the bulk. 1 As a result, the unique electronic, optical, and chemical properties of metal nanoparticles on dielectric oxides and semiconductors impact a range of technologies, including catalysis, gas sensors, optoand microelectronics, etc. (see Refs. 2-11 and references therein). Therefore, the structural and compositional stability of nanoparticles as a function of temperature, reactive environment, irradiation, etc., are keys to their utilization in "real world" applications. Generally, the properties of nanoparticles, including chemical reactivity, exhibit a marked dependency on their size, shape, and composition. 1, 2, [4] [5] [6] [7] 12, 13 Particularly noteworthy in this regard is the extraordinary catalytic properties exhibited by nanoparticles within a narrow size distribu- tion [12] [13] [14] and their subsequent deactivation due to reactioninduced particle sintering, 14 encapsulation, 15 or coke formation. A key to the technological utilization of nanoparticles is an atomic level understanding of the impact of environment on the morphological evolution of nanoparticles. Clearly, there is a need to develop in situ methodologies for monitoring shape, size, and/or compositional changes of specific individual nanoparticles while annealing or treating with reactive gas.
Scanning tunneling microscopy (STM) is capable of atomic-level measurements while operating over wide temperature and pressure ranges, [15] [16] [17] [18] [19] even in liquid environments. 20 This ability to operate under diverse conditions makes STM uniquely suited for nanoscale in situ studies of particle morphology and changes thereof in a variety of environments. The recent introduction of high-pressure cells for modern highresolution transmission electron microscopes (HRTEM) offers an alternative approach. 21, 22 However, high costs, sample stage complexity, and focusing/contrast problems while imaging particles less than ~2 nm (when not in profile) have limited the utilization of this powerful technique to this particular problem. Recent improvements in the resolution of atomic force microscopy (AFM) make this technique an attractive alternative for investigating nanoparticles supported on insulating materials. However, despite the tremendous progress that has been made over the last several years toward the in situ study of nanoparticles by AFM, this general area of research remains relatively unexplored. 23, 24 A major challenge in utilizing STM is the inherent sensitivity of the tunneling process to minute disturbances of the tunneling junction due to tip/sample instabilities or ambient factors. An additional complication for oxide-supported metal particles is the relatively weak adhesion typically found between a metal particle and an oxide substrate. This weak adhesion leads to tip-induced particle mobility or bonding of the imaged particles to the tip. The presence of environmental gases frequently accelerates these deleterious processes. Because of these impediments, most of the data to date of nucleation and morphology evolution of supported nanoparticles upon temperature/pressure treatment have been acquired as before-and-after "snapshots." 25, 26 In this approach, supported particles are imaged before and after a change of an experimental parameter (time, temperature, gas composition and pressure, radiation dose, etc.), then the resultant particle density and morphology compared with those of the initial conditions. In this methodology, the initially imaged area is unavoidably lost due to sample transfer and/or drift of the microscope during the sample treatment. The interpretation of the results then relies on statistically averaging the observed changes over a particle ensemble acquired from a sample area different from the initial one. This stochastic approach, that assumes lateral homogeneity of the sample, requires considerable imaging time in order to accumulate acceptable statistics. This is a decisive drawback, especially for dynamical studies.
As mentioned above, two major obstacles, "junction instability" and "pre-selected area loss," must be circumvented in order to successfully implement in situ STM studies on individual nanoparticles over a wide pressure and temperature range. Here we apply to oxide-supported nanoparticles a relatively simple and versatile approach that overcomes the difficulties mentioned above and, in addition, opens new experimental possibilities for exploring the properties of preselected supported nanoparticles. The first goal consists of adapting the STM for in situ studies of nanoparticles that are typically weakly bound to an oxide support. The keys to success are: 1) the use of chemically inert tips, and 2) the utilization of weakly coupled imaging conditions that offer minimal tip-particle interactions. The details of the approach are described in the experimental section. The second goal is the indexing at the nanoscale of a preselected area during and/or after a treatment. This latter goal is achieved by using the STM tip under tunneling conditions as a mask during particle deposition. This approach was developed by Voigtländer et al. 27 and later successfully used for in situ STM epitaxial growth of semiconductors, 28 tip characterization, and surface kinetics studies. 29, 30 The great potential for this technique for studying supported nanoparticles and model catalysis, in particular, is obvious. Apart from the fascinating deposition possibilities offered by this controlled nano-mask, an additional advantage is the creation of a convenient fiducial mark on the surface. Thus, using the artificial nanostructure as a reference marker, the preselected areas can be readily located subsequent to chemical (or any other) in situ treatment. The results can be easily and directly compared within a single experiment on the same part of the surface. In this way, a number of experiments on individual nanoparticles can be performed without the usual concern about statistical limitations, surface inhomogeneity, temperature gradients, tip modifications, etc. Using Au nanoparticles supported on titania as a model heterogeneous catalyst, we demonstrate the potential of this approach to address on a particle-by-particle basis important issues such as cluster nucleation, growth, thermal sintering, and environmental particle stability.
Experiment and Methodology

General
The experimental setup consists of a commercial (RHK VT-UHV-300) variable temperature STM equipped with a custom-made mini-doser for metal deposition while the sample is under imaging conditions (Fig. 1) . The microscope utilizes a "walker" type scan head mounted on a helical tripod sample holder. This open design facilitates access from the side and allows deposition angles over a range of ~45-80°with respect to the sample normal. The carefully positioned evaporator directs well-collimated atomic beams onto the tunneling junction region. Precise positioning and beam collimation are crucial to the delivery of metal within the proximity of the tunneling junction and to avoid metal deposition onto the scan head piezos. In the current experiment, the deposition angle b was ~55°with respect to the surface normal. The system base pressure was 2 ¥ 10 -8 Pa; for the cluster reactivity studies, the chamber was filled with purified reactive gas up to a few hundred Pa while imaging. 18 The TiO 2 (110) crystal (10 ¥ 3 ¥ 0.5 mm; Commercial Crystal Laboratories, Naples, FL) was attached to a polished n-doped Si wafer, and could be heated to 600 K radiantly from the back using a 30 W halogen lamp or to >1000 K by passing direct current through the Si support. The temperature measurements were made via a thermocouple attached to the Si support; therefore, the reported temperatures represent an upper limit. The titania was reduced by heating the sample for several hours at ~1000 K in UHV. Before each experiment the sample surface was cleaned using at a selected point on the surface (marked with a white circle in Fig. 2 ). Due to the extreme proximity of the tip to the surface, the estimated smearing of the silhouette edges due to the finite size of the evaporation source is less than 4.0 nm near the wedge apex at a given deposition geometry. Thus, the sharpness of the silhouette perimeter is determined solely by the diffusion length of the dosed metal atoms before their nucleation or capture. As has been noted 27 that there is a denuded zone in front of the tip (marked as b in Figs. 1, 2 ) from which the deposited metal is screened due to the finite curvature of the tip (see Fig. 1 ). The width of zone b increases with an increase in the tip radius R and decreases with an increase in the deposition angle b and tunneling gap d (see Fig.  1 ). For most applications, minimization of the b-parameter is crucial since small b values (ca. 10.0 nm) offer the possibility of high resolution, rapid dynamical studies during (or immediately after) deposition without readjustment of the tip position.
Apart from creating a suitable mark for in situ studies of individual nanoparticles, tip shadowing can also be quite useful as a precisely controlled nano-mask. As an example, tuning the geometry of the deposition and/or changing the deposited material, laterally separated, compositionally different nanostructures can be synthesized ( Fig. 3a-c) . This offers the possibility of synthesizing and comparing in situ on the same substrate individual nanoparticles with controllable sizes and composition. In addition, a number of treatments of individual nanoparticles and preselected areas of the support with molecular, electron, or ion beams can be performed using the same mask, thus providing comparative assessment at the nanoscale of important issues such as defect formation, particle decomposition, support sputtering, chemical treatment, etc. Potential applications of the approach are presented in the following sections.
Results and Discussion
In this section two applications of the methodology are described. Although each of these examples is a subject of an ongoing detailed study, the essence of each study is qualitatively described below.
Noble Metal Nucleation and Growth: Au on TiO 2
The nature of the nucleation/trapping sites for metal clusters on oxide surfaces is of fundamental and practical importance. In fact, the anomalous catalytic activity of vapor-deposited metal clusters occurs at low metal coverages where defects could influence the cluster nucleation kinetics and chemical properties. 31, 32 The recognition of the importance of the cluster support interaction has motivated extensive HRTEM atomic several sputter (20 min, 2 mA, 800 eV)-anneal cycles (5 min, 1100 K). The final surface exhibited a (1 ¥ 1) reconstruction and showed no traces of impurities detectable by Auger spectroscopy (AES). Samples with varying degrees of reduction (from light to opaque blue) were used in this study. The metal depositions were carried out using a thoroughly outgassed metal doser with a deposition rate of ~3 ¥ 10 -3 monolayer (ML) equivalents per second, calibrated by measuring completion of the first ML on a Mo (100) surface at room temperature.
Surface Nano-Structuring Using the Tip Silhouette
Metal deposition while the tip is in tunneling contact with the sample creates a wedge-like tip silhouette on the sample within which the surface remains unexposed. Figure 2 shows the typical nanostructure formed upon deposition of Au atoms directly on the tunnel junction. The structure formed is a narrow wedge with an apex of a few hundred nanometers in diameter. Given that the ultimate lateral drift of the tip with respect to the sample typically is less than a micron for most in situ sample treatments, the silhouette feature offers a convenient, easy-to-find fiducial mark. Some lateral drift (on the order of 0.2 nm/sec in our case) was unavoidable due to the thermal response of both the scanning stage and the sample. Therefore, during deposition the tip was centered and parked of a "silhouette nano-structure" on TiO 2 (110) surface obtained via deposition of Au directly onto the STM tip (R ~100 nm) under tunneling conditions. The border between the shaded and exposed areas is marked with a dashed line. Zone-b denotes the area in front of the tip free from the deposit due to the finite tip radius. The large protrusion visible on the image is a gold aggregate deposited from the tip.
scale investigations of the cluster-oxide interface. 21, 22, [33] [34] [35] [36] [37] Although atomically resolved structures of the interface were achieved by profile imaging, identification of specific nucleation sites is still in question. STM and AFM offer atomic resolution and also provide local information regarding the electronic structure of the imaged site. In addition, it has been shown that by fine-tuning the tunneling parameters the cluster-support interface can be imaged. 38, 39 However, the straightforward approach of identifying the nucleation sites by imaging the specific area of interest before and after a nucleation event is obviously preferred. Therefore, using the methodology of metal evaporation onto the tunneling junction is a straightforward way to probe particle nucleation in situ [27] [28] [29] [30] on the same surface area without the necessity of transferring the sample between the imaging and evaporation stages, as is customarily done in microscopic kinetic studies on oxides. 5, 11, 12, 40 In principle, this technique allows atomic level determination and characterization of the nucleation center for individual particles before nucleation takes place. Although atomically resolved images of nucleation centers were not found using the selected tunneling conditions, analysis of multiple images (similar to those in Fig. 4 ) of the same area taken sequentially before and after Au deposition yielded several important observations. First, there exist point defects on the UHV-annealed surface of TiO 2 that act as nucleation centers for metal adsorbate on the plane terraces. The quenching of Ti 3+ states in the UPS spectra concomitant with the increase of the metal dose suggests that the trapping sites are surface oxygen vacancies. Second, in agreement with previous studies 41 the density of these point defects is a strong function of annealing history of the sample and pretreatment procedures. The new crystals that have experienced only a few sputteringannealing cycles (light blue and still transparent) have the least density of nucleation centers at plane terraces. On such samples the noble metals tend to nucleate at extended defects. Since the surface of the reduced samples is rather reactive towards defect-induced dissociation of traces of residual H 2 O, it is possible that hydroxyl groups accumulated during extended data acquisition may play a certain role as trapping centers at plane terraces even in UHV. 42, 43 Finally, unidentified can be seen in Figures 4 and 5, particle #1 nucleates first and acquires size rapidly. On the other hand, new particles (#2-5) appear at the later stages of deposition, at which point cluster #1 has already acquired approximately 70% of its size. The same growth saturation effect is repeated later when comparing the evolution of clusters #2-4 with cluster #5 (Fig. 5) . Newly formed clusters have rather different growth kinetics; cluster #5, for example, although formed last, exhibits the highest growth rate (Fig. 5) . Obviously, the particles are competing for the incoming flux and inhibition of growth of one particle leads to the formation and growth of others. The latter can be directly proved via monitoring the cluster volumes as a function of the quantity of deposited metal. The total volume of the selected particles grows linearly with coverage, as expected (see crossed circles in Fig. 5b ). The inhibition of the growth of large clusters in favor of newly formed clusters (especially if the latter nucleate within the depletion zone of large clusters) does not satisfactorily fit either a classical random or a preferred nucleation model. 44, 45, 46 Instead, the observed kinetics have the characteristic features of the so-called nucleation-inhibited 45 or self-limited growth mode. 28, 47, 48 These nucleation and growth kinetics imply the existence of a certain cluster size where further attachment/capturing of a diffusing metal adatom is impeded and the formation and growth of new particles are favored. The self-limiting growth mode has been observed during heterogeneous epitaxy of semiconductors 28, 47 and was reported recently to sufficiently describe the growth of Ag/TiO 2 48 and Cu/TiO 2 40 Although the exact origin of self-limiting cluster growth is not clear for this particular system, a number of kinetic and thermodynamic effects, which can hamper attachment probabilities for diffusing adatoms to the cluster, need to be considered and targeted in future experiments. The partial encapsulation of the peripheral sites of the cluster with titanium suboxides is a common manifestation of the strong metal-support interaction. 15 However, no evidence of this effect was found for the Au/TiO 2 system even at elevated temperatures, 49, 50 and therefore this effect can be reliably ruled out as a possible reason for inhibiting the probability for attachment. Similarly, contamination of the peripheral sites of the cluster is improbable due to the UHV conditions used, the reproducibility of this particular growth mode in different laboratories, and for different kinds of nanoparticles that have dissimilar reactivity toward the residual gases. 40, 48 The formation of the strain fields on the perimeter of the clusters at a certain size due to cluster-support lattice mismatch could in principle increase the attachment barrier to the rejection threshold for the incoming flux of diffusing adatoms. A direct HRTEM observation of the Au cluster lattice dilation was reported recently. 37, 51 Similarly, when faceting of the particle begins an energy barrier exists for the nucleation and growth of the new layer on the facet of the particle (see, e.g., Ref. 45 ). In the latter case, the growth mode will be self-limiting. impurities (type C defects in Diebold's classification) [41] commonly visible as somewhat larger protrusions on the titania surface do not capture noble metal atoms effectively, and therefore can be excluded as the major active nucleation centers. On the other hand, the sites providing high coordination number (like kink sites at atomic steps) are preferable nucleation centers on extended defects.
A similar approach can successfully be applied to study the nucleation and growth kinetics together with morphology evolution of individual clusters during metal vapor deposition. The typical growth of a few selected Au particles on TiO 2 (110) surface is shown in Figure 4 . More quantitatively, the evolution of the apparent heights and volumes for these clusters is represented in Figure 5 . It is noteworthy that the cluster nucleation and growth kinetics are not uniform, but fluctuate significantly from particle to particle and with time. Indeed, as Figure 4 . The cluster nucleation and growth kinetics fluctuate significantly from particle to particle and also with time. The dashed lines correspond to one-and two-monolayer thick Au particles.
The correlation of the observed growth kinetics with the gold cluster shape and particle facet formation energy awaits further theoretical and experimental study.
Alternatively, the declining probability for large particles to capture incoming adatoms also leads to self-limiting growth. The incoming flux of diffusing adatoms can be blocked not only by development of an attachment barrier but also by newly formed particles surrounding the original cluster (see Fig. 5b as an example). Numerical simulations were performed recently to account for the observed Cu/TiO 2 self-limiting growth. 48 In the context of a modified canonical cluster nucleation model the probability for adatoms to nucleate within a depletion zone around large particles was introduced. With this assumption the authors were able to simulate all the characteristic features for this growth mode, i.e., narrow size distribution, increased particle density, and its delayed saturation. Although the comparative simulations of the "adatom rejection" and "competitive capture" kinetics yielded very similar results, we believe that the latter mechanism dominates the noble metal particle growth on reduced TiO 2 (110) surface.
The trends found for the nucleation and growth of noble metal nanoparticles are shown in the STM images of Figure 6 . These are of a bare n-TiO 2 (110) surface and the same area after sequential evaporations of gold. Well-developed small clusters, preferentially decorating step edges, can be found at exposures as low as 0.01 ML (not shown). With increasing coverage the primary contribution to the width of the size distribution comes from relatively new clusters that continue to grow while the larger, well-formed clusters decrease in their rate of growth. The prevailing role of the step edges as major nucleation sites decreases with coverage, while the nucleation of new clusters on terraces increases. The nucleation and growth kinetics averaged over the cluster ensemble taken from this sequence are shown in Figure 7 . The average of the cluster diameter grows quickly at the onset of deposition and acquires approximately 90% of its saturation value at 0.2 ML coverage. The measured cluster height, on the other hand, has a positive slope even at coverages of 0.8 ML. The cluster density increases relatively slowly and achieves a saturation density of N~2.5◊10 12 cm -2 at 0.5 ML. In agreement with the above discussion, based on the small-scale images of individual clusters, the delayed saturation of the cluster density is somewhat different from the results expected from both random and preferred classical nucleation models. [44] [45] [46] Indeed, a large diffusion length (l > 100.0 nm) and diffusion coefficient (D ≥ 2.5 ¥ 10 -10 cm 2 /sec) is expected for Au on regular TiO 2 (110) at room temperature according to previous studies of the nucleation of late transition metals on oxides. 0.05 ML. This is followed by competitive growth of wellseparated clusters until coalescence occurs. Random nucleation generally yields similar results; however, this growth mode was found to be less applicable for a transition metal on an oxide since only a limited dependence of the saturation cluster density on impinging flux was reported in previous studies.
23, 40 On the other hand, the selflimiting growth mode implies a delay in the saturation of the cluster density relative to a canonical growth mode for metals on alkali halides and ionic oxides (see Refs. 23, 44-46, and references therein). Qualitatively, the dependences shown in the present study are very similar to those described previously in STM studies of Cu, Ag, and Au on TiO 2 (110), 40, 48, 52 implying that the same factors are responsible for the nucleation and growth kinetics. Based on average nucleation kinetics and individual particle growth rates, and also considering the inherent sensitivity of the observed cluster size and density on the sample preparation conditions, we believe that surface defects (oxygen vacancies) on the reduced titania surface play a major role in the self-limiting cluster growth mode that determine the defect-mediated adatom mobility and the trapping sites. The fact that a large fraction of the trapping sites nucleate gold clusters at the latter stages of deposition presumably correlates either with reduced trapping cross-section or finite residence time of the adsorbate at the defect site. The observed broader size distribution compared to the relatively narrow one predicted by the "adatom-rejection" mechanism is consistent with an "adatom-blocking" 48 mechanism, in agreement with the competitive growth mode of individual clusters discussed above.
The shape of the cluster and its evolution with particle size, temperature, or gas environment is an important issue for catalysis, since in many cases the specific facet sites and their stability are responsible for chemical reactivity and catalyst deactivation. The proposed technique is a suitable tool to address these issues in situ and on preselected particles. As an example, particles #1, 2, 3 in Figure 4 exhibit remarkable changes in the shape of their perimeter during the initial stages of growth. More quantitatively, the morphological evolution of eight individual particles numbered as indicated in Figure  6 is shown in Figure 8 . Measurement of the particle height as a function of diameter, shown in Figure 8a , was carried out using a rather common particle shape evaluation procedure where cluster diameter increase due to the tip convolution was taken into consideration. Furthermore, the shape of each particle was monitored continuously during particle growth. As shown in Figure 8a , at the early stages of particle growth the heights of the clusters are 0.23 ± 0.02 and 0.50 ± 0.02 nm, close to the thickness of one-and two-atomic layers assuming epitaxial growth with the Au(111) axis parallel to the TiO 2 (110) direction. 34 This height quantization rapidly vanishes with an increase in cluster size. The particles follow the general slope of 0.5, although there is significant deviation for some of the clusters well beyond the experimental error bars. Noticeably, the clusters that appear early on exhibit stronger asymmetry with respect to dimensionality compared with clusters grown at room temperature (see Fig. 8b ). This divergence in aspect ratio is observed within the 0.1-0.25 ML deposition range where, according to Figure 7 , the cluster height does not exceed 2 ML. Although the contribution of the tip radius cannot be unambiguously compensated for, the reduced aspect ratio and concomitant suppression of the lateral cluster size growth corroborates the so-called quasi-2D growth of gold clusters on titania reported previously. 3, 13, 49, 53 Accord-(a) (b) Fig. 8 . a: Measurements of the particle's height vs. their diameter as monitored continuously during individual growth (see Fig. 6 for cluster identification). At the early stages of particle growth, the measured height of the clusters is approximately 0.23 ± 0.02 and 0.50 ± 0.02 nm, values very close to those found for one-and two-monolayer thick particles assuming epitaxial growth with the Au(111) axis parallel to the TiO 2 (110) direction. The selected particles follow the general slope of 0.5, although there is significant scatter for some of the clusters. b: The aspect ratio calculated for individual gold clusters as a function of coverage. The reduced aspect ratios for the fraction of clusters at 0.1-0.25 ML correspond to the growth of quasi-2D clusters up to 2 ML thick.
Dramatic morphological changes are seen upon heating, primarily due to cluster sintering. In contrast to the results for metal deposition at room temperature, following an anneal the clusters exclusively occupy step edges, indicating that the adhesion energy of point defects on terraces is too low for population of stable nuclei at elevated temperatures. This change in preference of the nucleation sites to extended defects with an increase in temperature has been seen generally for noble metals on oxides (see Refs. 40, 48, 56, for example). Surprisingly, in spite of the strong cluster density gradient at the boundary of the unexposed area, annealing does not significantly reduce the width of the tip shadow. This invariance in size suggests that long-range cluster migration does not occur to a significant extent and intercluster atomic diffusion and/or short-range migration and coalescence of clusters control sintering. However, this observation alone cannot rule out a longrange particle migration. Since the individual particle rate of attenuation is determined by competition between attachment and evaporation events, particle migration on a bare titania region occurs under quite different conditions compared to an Au-covered area. Namely, the particle size will attenuate with a rate J = K◊c due to an adatom concentration gradient c = c 0 -c • in the vicinity (c 0 ) and remote to the cluster (c • ). The equilibrium concentration of adatoms in the unexposed area is extremely low at 950 K due to the short residence time (before evaporation) typically found for metals on oxides. 3, 4 Thus, a mobile gold cluster encountering a bare titania area undergoes rapid 2D evaporation. In spite of the enhanced mobility, adatoms from the cluster are unable to form stable, new nucleation sites at this temperature and eventually evaporate as well. On the contrary, in an area with a dense cluster population, the residence time of the adatom exceeds the capture time by the neighboring clusters. Since for the majority of the time the Au atoms reside inside the clusters and since the sublimation energy of Au from the metal cluster is much higher than from the nondefect sites of the titania surface, 32b evaporation from the clusters that compose the dense ensemble is strongly inhibited with respect to the shadowed region. The STM estimated apparent cluster volume increases approximately four times upon annealing, while the total quantity of the deposited metal decreases ~20%. The deficit in the deposited metal is too small to unambiguously conclude partial evaporation of gold from the sample. Tip convolution can easily overestimate the smallest cluster sizes and therefore could introduce an error into the initial volume estimate.
Although there are reports in the literature of an attenuation of the Au signal via XPS, ISS, and Auger subsequent to an anneal to 600-900 K, 49, 50, 53 this reduction in signal arises from cluster sintering that occurs at these temperatures, not from evaporation.
The advantage of in situ observations of the sintering process is especially valuable to resolve the long-standing ing to this growth model, due to kinetic limitations, the clusters initially grow two-dimensionally up to a critical diameter, after which 3D thickening of the cluster begins. For the Au/TiO 2 (110) interface the corresponding critical coverage was measured to be 0.1-0.2 ML at room temperature, depending on the defect density of the precursor titania surface. This critical coverage closely matches our measurements and corresponds to a cluster containing approximately 50 atoms, after correction for the tip diameter. A similar flattening of small clusters was found in the early growth stages of Pd clusters on titania.
54,55
Thermal Treatment
Marking the surface with a tip silhouette facilitates the location of a preselected area even after long-term, high-temperature treatments that induce lateral tip-sample drifts on the order of microns. Although it is an extension of the "snapshot" approach, the following example of cluster thermal evolution demonstrates the power of this methodology. The decided advantages that this approach has over in situ elevated temperature STM studies are several-fold: 1) the same area can be probed over a wider temperature range than possible with typical scanning microscopies; 2) the sintering kinetics can be studied in detail by rapid manipulation of the temperaturethis is not an option for isothermal high temperature studies that require an extended time period in order to establish acceptable thermal drift for STM imaging; and 3) the lateral movement of clusters does not occur due to proximity of the tip, customarily a problem in in situ, high-temperature STM studies of oxide-supported metal nanoparticles.
In Figure 9a Figure 10b support this coarsening mechanism. It is noteworthy that the effect of the tip on cluster mobility can be excluded in our experiments since the area of interest was not imaged during the temperature excursions. There are additional arguments that support the CM model. For example, the annealing temperature of the sample is well above the melting point of the small Au particles, on the order of 700-900 K. [58] [59] [60] [61] [62] [63] [64] Once melted, the contact area of the clusters with the substrate is reduced, 58, 62 eventually decreasing the adhesion energy and facilitating lateral cluster diffusion. Precisely this kind of behavior was observed for the in situ growth of Au on HOPG and MgO by TEM at 650 K. 59, 65 Despite ample evidence that cluster migration is an important mechanism for lateral mass transport, intermediate temperature measurements are necessary in order to distinguish intercluster atomic transport from cluster diffusion. With this as a goal, an alternative mechanism involving complete 2D evaporation of the clusters in Figure  10a followed by recondensation upon cooling (Fig. 10b) should be considered.
Finally, being a reducible oxide, titania surfaces undergo temperature-induced changes, first with the formation of an added row structure (similar to Ref. 15) seen as short lines terminated with bright spots in Figure 10b . Further annealing leads to the onset of evaporation from terrace edges (as can be seen from areas marked with the dashed lines in Fig. 10a ).
Summary
The experimental challenges provided mainly by tunnel junction instabilities, weak cluster-support interaction, and sample drift are primarily responsible for the paucity of in situ STM data on oxide-supported nanoparticles. To overcome many of these obstacles and to monitor the evolution of individual nanoparticles during growth, alloying, high-temperature annealing, and chemical treatment, a methodology has been developed for using the STM tip as a mask for the preparation and control of supported nanoparticles at oxide surfaces. By monitoring the growth kinetics of individual gold clusters, the present study has demonstrated inhibited ("self-limiting") nucleation where the local flux of diffusing atoms between the clusters become a dominant factor in the growth rate. By monitoring the evolution of individual particles upon hightemperature annealing, evidence is presented for the migration and coalescence of entire noble metal clusters on the titania surface. A particular advantage of the methodology is that a wide cluster size range can be produced and surveyed on a cluster-by-cluster basis. The size effects on cluster morphology, therefore, can be studied for a wide variety of experimental variables on preselected individual clusters. problem regarding the mechanism of thermal cluster sintering on oxide surfaces. The Ostwald ripening mechanism (OR) implies the growth of larger particles at the expense of smaller ones due to the difference in their Gibbs-Thompson chemical potential m(R), which scales as R -1 with particle size R. Since this growth mode is based on interparticle adatom transport, the larger particles remain stationary under growth conditions while the cluster size distribution evolves toward larger particles and tails toward the smaller sizes. In certain cases a bimodal cluster size distribution is observed. In Figure 10 , high-resolution STM micrographs are shown for the identical area of an Au/TiO 2 surface before (Fig. 10a) and after (Fig.  10b) annealing to 950 K. No OR growth features are apparent in Figure 10 . Instead, the thermal evolution of Au/TiO 2 in this figure can best be described with a cluster migration (CM) model. This latter mechanism invokes cluster diffusion and coalescence as a result of the collective motion of the atoms of the cluster. Indeed, in Figure 10b a majority of the clusters are not stationary with respect to their corresponding RT precursor in Fig. 10a , as would be the case if OR were operative. To demonstrate that the large clusters can travel up to 5 nm during the annealing period, several precursors have been identified in Figure 10b and marked with white dots. Assuming a CM mechanism where the diffusion coefficient, D, in a classical random walk model 45, 57 scales with respect to the cluster diameter d as D ~d -4 , the smaller clusters (d < 3 nm) apparently are mobile, migrating up to 40 nm. This migration path is large enough to form new clusters via a coalescence mechanism. Using the cluster diffusion lengths based on the above estimate, a potential capture area with a corresponding diameter are defined with a white line in Figure 10a possibilities for this method for in situ studies of kinetic phenomena such as nanoparticle nucleation, growth, decay, alloying, and segregation on oxide surfaces.
